
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACT 
Cardiac hypertrophy may result from extracellular 
stimuli activating intracellular signalling pathways, 
including the mitogen-activated protein kinase 
(MAPK) pathways. The MAPK pathways include 
three cascades: ERK1/2, JNK, and p38. ERK1/2 is 
activated by mitogens whereas stress-related stimuli 
activate JNK and p38. In cardiac myocytes, 
activation of ERK1/2 by H2O2 is attenuated by 
p38. This study was to determine if p38 inhibits 
activation of ERK1/2 by PMA, a mitogen and 
potent activator of ERK1/2, in adult cardiac 
myocytes. Inhibition of p38α/β with SB203580 
increased PMA-stimulated ERK1/2 and MEK1/2 
phosphorylation. FPLC of myocyte lysates on 
MonoQ revealed two peaks of PMA-stimulated 
MBP kinase activity, ERK2 and ERK1. PD 98059, 
which blocks MEK1/2 activation, attenuated 
PMA-induced ERK1/2 activation. SB203580 did 
not increase ERK1/2 activity. Three peaks of 
PMA-stimulated MEK activity were detected 
following chromatography on Mono Q. Peaks 1, 2, 
and 3 eluted at 20-25 mM, 80-100 mM, and 210 
mM NaCl, respectively. PD 98059 inhibited each 
of these activities. Peaks 2 and 3 were increased 
three-fold by SB203580. In addition, a new peak 
was detected eluting at 40-70 mM NaCl. Hence, in 
adult cardiac myocytes, p38α/β attenuates PMA-
dependent MEK1/2 and ERK1/2 phosphorylation. 

p38 MAP kinase attenuates phorbol ester-induced ERK MAP 
kinase activation in adult cardiac ventricular myocytes 
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ABBREVIATIONS 
ACVMs, adult cardiac ventricular myocytes; 
DMSO, dimethylsulfoxide; DTT, dithiothreitol; 
ERK, extracellular signal-regulated kinase; FPLC, 
fast protein liquid chromatography; GST, 
glutathione S-transferase; MAPK, mitogen activated 
protein kinase; MBP, myelin basic protein; PAGE, 
polyacrylamide gel electrophoresis; PKI, cyclic 
AMP-dependent protein kinase inhibitory peptide; 
PMA, phorbol 12-myristate 13-acetate; PMSF, 
phenylmethylsulfonyl fluoride; TX-100, Triton 
X-100 
 
INTRODUCTION 
Cardiac hypertrophy results from hemodynamic 
overload and/or increases in neurohormonal factors 
[1, 2]. Endothelin-1, angiotensin II, α1-adrenergic 
agonists and phorbol esters all induce hypertrophy 
[3-8] and activate the Raf-MEK-ERK cascade. 
Hypertrophic growth of cardiac myocytes is 
associated with distinct changes in cell morphology 
and the pattern of gene expression. Constitutive 
activation of Ras [9, 10], Raf-1 [11], or MEK1 [12] 
is sufficient to induce a hypertrophic response. 
Interference with ERK activation using 
pharmacological inhibitors of MEK1/2, antisense 
oligonucleotides to ERK1/2, or expression of 
catalytically inactive Raf, MEK, ERK1, or the 
MAPK phosphatase CL100, can inhibit the 
hypertrophic response (reviewed in [13, 14]). 
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brain as described previously [18]. Horseradish 
peroxidase-conjugated secondary antibodies were 
from Jackson ImmunoResearch Laboratories 
Inc. The enhanced chemiluminescence reagent 
Renaissance Plus was from PerkinElmer Life 
Sciences (Woodbridge, Ontario). cAMP-dependent 
protein kinase inhibitor peptide (PKI, amino acid 
sequence TTYADFIASGRTGRRNAIHD) was 
from the University of Calgary Peptide Synthesis 
Core Facility. Membrane-grade Triton X-100 
(TX-100), leupeptin and PMSF were from Roche 
Applied Science (Laval, Québec). Microcystin 
LR, PD98059, and phorbol 12-myristate 
13-acetate were from Calbiochem. SB203580 was 
a gift from Dr. John C. Lee (SmithKline Beecham, 
King of Prussia, PA). SDS-polyacrylamide gel 
electrophoresis reagents, nitrocellulose (0.22 µm), 
and Bradford protein assay reagents were from 
Bio-Rad Laboratories (Mississauga, Ontario). 
Fatty acid-free BSA and Tris base were from 
Sigma Chemical Co (Mississauga, Ontario). Unless 
otherwise stated, all other reagents were of analytical 
grade from VWR Canlab (Ville Mont-Royal, 
Québec). NanoPure-grade water was employed 
throughout these studies. 

Isolation of rat cardiac ventricular myocytes 
Adult rat cardiac ventricular myocytes (ACVM) 
were isolated as previously described [19]. This 
preparation provided 6 to 8 million cells/heart 
with 70 to 85% viability. Myocyte viability and 
purity were assessed by microscopy. No other cell 
types were detected.  

Stimulation of myocytes and preparation of 
lysates 
Adult ventricular myocytes were divided into 1 ml 
aliquots in 1.5 ml microcentrifuge tubes and used 
immediately after isolation. PMA, SB203580, 
and PD 98059 were added directly to the cell 
suspensions from 1000-fold stock solutions prepared 
in either 100% DMSO (PMA, PD 98059) or distilled 
water (SB203580). Cells were incubated with PD 
98050 or SB203580 for 5 min at room temperature 
followed by stimulation with 10 nM PMA for 
5 min. Cells were then chilled to 0°C for 1 min, 
centrifuged for 3 min at 2,000 rpm and 5°C, and 
resuspended in 0.5 ml of ice-cold lysis buffer 
(50 mM Tris-HCl, pH 7.5 at 5°C, 20 mM 
β-glycerophosphate, 20 mM NaF, 5 mM EDTA, 
 

Hence, ERK activation appears to play an 
essential role in the hypertrophic response. 
However, whereas mice expressing constitutively 
activated Ras develop pathological hypertrophy 
[10], mice expressing activated MEK1 develop a 
compensated hypertrophy [12]. Interestingly, 
mice lacking ERK1 and having only one ERK2 
allele showed a normal hypertrophic response 
[15]. Furthermore, transgenic mice in which 
ERK1/2 phosphorylation is prevented by 
overexpressing the dual specificity phosphatase 6 
(DUSP6), an ERK1/2-specific phosphatase, showed 
a predisposition to fibrosis and apoptosis, in 
addition to a normal hypertrophic response to 
pressure overload or phenylephrine whereas ERK 
phosphorylation was prevented [15]. These results 
suggest that ERK1/2 activation may not be 
essential for cardiomyocyte hypertrophy and is 
actually cardioprotective. Hence, in addition to 
Raf-MEK-ERK, other pathways appear to be 
involved in hypertrophic signalling. p38 has been 
shown to regulate the phosphorylation of ERK1/2 
in response to H2O2 [16], suggesting p38 pathway 
can crosstalk and modulate ERK1/2 signalling  in 
response to redox signalling. The purpose of the 
present study was to determine if p38 influences 
the activation of ERK1/2 in adult cardiac 
ventricular myocytes in response to a mitogenic 
phorbol ester, phorbol 12-myristate 13-acetate 
(PMA). 
 
MATERIALS AND METHODS 

Materials 
[γ-32P]ATP was from GE Healthcare Canada. 
Antisera specific for pan-Ras (Ab-3) was from 
Calbiochem (San Diego, CA). Antibodies to 
MAPK-activated protein kinase 2 (MK-2, sc-6621) 
and Mek-1 (sc-219) was from Santa Cruz 
Biotechnology (Santa Cruz, CA). Anti-Raf-1 
antisera and GST-ERK1 (K71A) were from Dr. 
Steven Pelech (UBC, BC, Canada). Anti-ERK1-CT 
antiserum was raised against a synthetic peptide, 
corresponding to residues 333-367 of rat ERK1 
MAP kinase (Global Peptide Services, Fort 
Collins, CO, USA) and recognized both ERK1 
and ERK2. Recombinant canine hsp27, cloned 
into the pET24a expression vector [17], was a kind 
gift from Dr. William Gerthoffer, Reno, NV. Myelin 
basic protein (MBP) was purified from bovine 
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13 mM β-glycerophosphate, 0.5 mg/ml MBP, 
10 mM MgCl2, 1.3 mM EDTA, 1.3 mM EGTA, 
1.0 mM Na3VO4, 0.1 mM [γ-32P]ATP (50 to 
100 cpm/pmol), 1 µM PKI, 10 µg/ml leupeptin, 
and 10 mM DTT. Reactions were initiated by 
the addition of 10 µL of 3x assay media and 
terminated by spotting 20 µl onto 1.5 x 1.5 cm 
squares of P81 phosphocellulose paper that were 
immediately immersed in 0.5% H3PO4. Papers 
were washed three times for 5 min each in 500 ml 
of 0.5% H3PO4, dried, and 32P incorporation was 
quantified by Cerenkov counting [21]. 

Assay of MEK and MAPKAP kinase 2 
activities 
Activation of the p38 MAPK cascade was assayed 
by measuring the activity of the downstream 
kinase, MAP kinase-activated protein kinase-2 
(MK-2), using recombinant hsp27 as substrate. 
MEK activity was assayed by its ability to 
phosphorylate a specific substrate, GST-ERK1 
(K71A). Indicated FPLC fractions (20 µl) were 
assayed as described previously [19, 22]. 

Miscellaneous methods 
Protein concentration was measured by the 
Bradford [23] method using bovine γ-globulin as a 
standard. 
 
RESULTS 
There are numerous examples showing opposing 
effects of ERK1/2 and p38 MAPK. In addition, 
p38 MAPK activation decreases H2O2-induced 
ERK phosphorylation in adult cardiac ventricular 
myocytes (ACVMs), suggesting a crosstalk 
between the two cascades in which p38 exerts a 
negative regulation on the ERK pathway in redox 
signalling [16]. We sought to determine if p38 
also modulated ERK signalling in response to a 
potent mitogen and hypertrophic agent, PMA. 
Increased phosphorylation of both ERK and MEK 
was observed in ACVMs pre-treated with SB203580 
prior to application of PMA as compared to the 
levels produced by PMA alone (Fig. 1A). 
To assess ERK activity, lysates were resolved on 
Mono Q and MBP phosphorylation determined. 
Treatment of myocytes with PMA activated 
myelin basic protein (MBP)-kinase activities that 
were resolved into 2 peaks (Fig. 1B). The MBP

10 mM EGTA, 1 mM Na3VO4, 10 mM 
benzamidine, 0.5 mM PMSF, 10 µg/ml leupeptin, 
5 mM DTT, 1 µM microcystin LR, and 1% v/v 
TX-100). Cells were extracted by mixing for 
15 min at 5°C, centrifuged at 13,000 xg and 5°C 
for 15 min, and the soluble fraction retained. Lysates 
were aliquoted, frozen using liquid N2, and stored 
at -80°C. 

Electrophoresis and immunoblotting 
SDS-PAGE and immunoblotting were performed 
as described previously [20]. 

FPLC of myocyte lysates 
Lysates from ventricular myocytes were diluted 
with lysis buffer to a protein concentration of 
10 mg/ml and recentrifuged (13,000 xg, 10 min, 
5°C). Protein samples were applied, using a 
0.5 ml sample loop, to a Mono Q HR 5/5 column 
equilibrated with 50 mM Tris-HCl (pH 7.4 at 
5°C), 20 mM β-glycerophosphate, 2 mM EDTA, 
2 mM EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 
35, 1 mM benzamidine, 1 µg/ml leupeptin, 1 mM 
Na3VO4, and 0.1% (v/v) β-mercaptoethanol. 
Following a 5 ml isocratic wash, proteins were 
eluted using a NaCl gradient (24 ml, 0-0.40 M 
NaCl; 0.1 ml, 0.40-1.0 M NaCl; 0.9 ml, 1.0 M 
NaCl) at a flow rate of 0.3 ml/min. Sixty fractions 
of 0.5 ml were collected. The fast protein liquid 
chromatography (FPLC) system was maintained 
in a chromatography cabinet at 5°C. Fractions 2-8 
from the Mono Q column were pooled and 
applied to a Mono S HR 5/5 column previously 
equilibrated with 20 mM HEPES (pH 7.5 at 5°C), 
20 mM β-glycerophosphate, 2 mM EDTA, 2 mM 
EGTA, 5% (v/v) glycerol, 0.03% (v/v) Brij 35, 
1 mM benzamidine, 1 µg/ml leupeptin, 1 mM 
Na3VO4, and 0.1% (v/v) β-mercaptoethanol. 
Following a 5 ml wash, proteins were eluted using 
a NaCl gradient (24 ml, 0-0.40 M NaCl; 0.1 ml, 
0.40-1.0 M NaCl; 0.9 ml, 1.0 M NaCl) at a flow 
rate of 0.4 ml/min. Seventy fractions of 0.5 ml 
were collected. 

Assay of ERK activity 
The activation of ERK was determined by its ability 
to phosphorylate myelin basic protein (MBP). Each 
FPLC fraction (20 µl) was assayed. Assays were 
for 45 min at 30 °C in a final volume of 30 µl in 
the presence of 50 mM Tris-HCl (pH 7.5 at 30°C),  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

phosphorylating activities in peaks 1 and 2 were 
inhibited by pre-treatment with PD 98059, an 
inhibitor of MEK activation. Antisera against ERK1 
and ERK2 indicated that ERK1 was present in the 
fractions corresponding to both peaks 1 and 2 
(Fig. 1C) whereas ERK2 immunoreactivity was only 
detected in peak 1. The lower band was confirmed 
as ERK2 using ERK2-specific antisera (not 
shown). Preincubation with a SB203580 failed to 
increase ERK activity towards MBP. 
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To determine the efficacy of the treatment with 
SB203580, activation of the p38 MAPK cascade 
was assayed by measuring the activity of the 
downstream kinases, MAP kinase-activated protein 
kinases -2, -3 and -5 (MK-2, MK-3, MK-5), 
using recombinant hsp27 as substrate. Hsp27-
phosphorylating activity was observed in 
unstimulated cardiac ventricular myocytes (Fig. 2). 
Tandem ion exchange chromatography resolved 
 

Fig. 1. Effect of SB203580 on PMA-induced ERK 
phosphorylation and kinase activity. (A) Phospho 
ERK1/2 and phospho MEK1/2 immunoblot. ACVMs 
were treated as indicated, lysates prepared and ERK and 
MEK phosphorylation assessed by immunoblotting. 
(B) Mono Q profile of MBP phosphorylation. Freshly 
isolated ACVMs were treated with vehicle ( ), PMA 
(5 min, 10 nM; ), PD98059 (10 µM, 5 min) followed by 
PMA (5 min, 10 nM; ), or SB203580 (10 µM, 5 min) 
followed by PMA (5 min, 10 nM; ). Lysates were 
prepared, resolved on a Mono Q HR 5/5 column, and MBP 
phosphorylation was determined. (C) ERK1/2 immunoblot. 
Aliquots (40 µl) of fractions 21-38 from figure 1B were 
resolved on SDS-PAGE, transferred to nitrocellulose 
membranes and probed with an anti-ERK1/2 antibody. 
No bands other than those shown were detected. 
 

Fig. 2. The p38 MAPK cascade is activated in 
freshly isolated cardiac myocytes. Activation of the p38 
MAPK cascade was assayed by measuring the activity 
of the downstream kinases, MAP kinase-activated protein 
kinase-2 (MK2), MK3 and MK5, using recombinant hsp27 
as substrate. Freshly isolated ACVMs were treated with 
vehicle ( ), PMA (5 min, 10 nM; ), PD98059 (10 µM, 
5 min) followed by PMA (5 min, 10 nM; ), or 
SB203580 (10 µM, 5 min) followed by PMA (5 min, 
10 nM; ) as described in methods. Fraction 2-8 from 
the Mono Q column were pooled and rechromatographed 
on Mono S. Hsp27-phosphorylating activity was observed 
in the elution profiles following both Mono Q (A) and 
Mono S (B) chromatography. Values in both A and B 
have been normalized to the highest level of activity 
measured within the two data sets. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

several peaks of hsp27-phosphorylating activity: 
all of which were inhibited by SB203580, 
confirming all hsp27-kinase activities are 
downstream of p38α/β. No corresponding peaks 
of activity were observed following chromatography 
of lysates from whole heart (not shown), suggesting 
this activation likely resulted from the stresses of 
the cell isolation procedure. 
ERK is activated by direct phosphorylation by 
upstream MAPK kinases: MEK1 and MEK2. 
Hence, to determine the point in the ERK1/2 
cascade at which p38 MAPK was acting to 
regulate ERK1/2 phosphorylation, MEK activity 
was determined by screening fractions from the 
Mono Q column for ERK-phosphorylating activity. 
In total, 5 peaks of ERK1-phosphorylating activity 
were observed (Fig. 3). Three peaks of PMA-
stimulated MEK activity were detected; peaks 
2, 4, and 5 eluted at 20-25 mM, 80-100 mM, and 
210 mM NaCl, respectively. Pre-treatment of 
intact myocytes with PD 98059 inhibited each 
of these activities. Unexpectedly, pre-treatment 
with SB203580 increased ERK1-phosphorylating 
activities eluting in peaks 1, 4, and 5. Peak 2 
remained unaffected. In addition, a new peak of 
activity, peak 3, was detected eluting at 40-70 mM 
 

NaCl. To determine if the enhanced ERK-
phosphorylating activity evoked by pre-treatment 
with SB203580 represented activation of MEK, 
immune complex assays were performed. Antisera 
for MEK1 specifically immunoprecipitated 
the ERK1-phosphorylating activity in fractions 
corresponding to both peak 2 and peak 4 (data not 
shown). These results confirm that inhibition of 
p38 MAPK increased MEK1 activation and 
suggest that p38 MAPK activity suppresses 
MEK1/2 activity. 
Finally, we examined if a MAPKKK activity was 
altered upon inhibition of p38 MAPK. A GST-
MEK1 pull-down assay followed by MEK1 
phosphorylation revealed that PMA activated 
MEKK activity (Fig. 4). This kinase activity was 
inhibited by the MEK inhibitor PD 98059 whereas 
inhibiting p38 using SB203580 produced an 
increase in MAPKKK activity. In contrast, although 
no PMA-activated MEKK activity was detected in 
Ras immune complexes, pre-treatment with 
SB203580 resulted in the appearance of a MEK1 
kinase activity in the Ras immune-complexes. 
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Fig. 3. SB203580 increases PMA-stimulated MEK 
activity. Freshly isolated ACVMs were treated with 
vehicle ( ), PMA (5 min, 10 nM; ), PD98059 (10 µM, 
5 min) followed by PMA (5 min, 10 nM; ), or 
SB203580 (10 µM, 5 min) followed by PMA (5 min, 
10 nM; ). Lysates were prepared, resolved on a Mono 
Q HR 5/5 column, and MEK activity was determined 
by measuring the phosphorylation of a kinase-inactive 
mutant of ERK1, GST-ERK1(K71A). Values have been 
normalized to the highest level of activity measured 
within the data set. 

Fig. 4. SB203580 stimulates MEK kinase activity. 
Lysates were prepared from stimulated myocytes as 
described under Materials and Methods. Ras or MEK 
kinase were ‘pulled down’ by incubating 100 µg of each 
sample with either 10 µl protein A agarose pre-coupled 
with 2 µg of an anti-Ras antibody or 1 µg of GST-
MEK1 (K97A) conjugated to glutathione Sepharose 
4B. Complexes were washed 4 times with 500 µl of 
ice-cold buffer (50 mM Tris-HCl, pH 7.4 at 5°C,  
150 mM NaCl, 20 mM β-glycerophosphate, 2 mM 
EDTA, 2 mM EGTA, 5% (v/v) glycerol, 0.03% (v/v) 
Brij 35, 1 mM benzamidine, 1 µg/ml leupeptin, 1 mM 
Na3VO4, 0.1% (v/v) β-mercaptoethanol and 1% TX-
100). Complexes were then suspended in 20 µl of 
buffer and MEK kinase activity assayed, using 
recombinant kinase-inactive GST-MEK1 (K97A). 
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for this inhibitory effect is non-selectivity of the 
pharmacological inhibitors of p38 activity. However, 
expression of a dominant negative mutant of p38 
also increased ERK1/2 phosphorylation in response 
to UVA [30]. Hence, cross talk between ERK and 
p38 pathways is ubiquitous but appears to differ 
depending upon the nature of the cellular stimulus.  
Previous studies of p38-ERK cross talk examined 
ERK phosphorylation and, in some cases, 
downstream events that may be attributed to more 
than just changes in ERK activity. In the present 
study we assessed both ERK phosphorylation and 
ERK activity and found that although ERK 
phosphorylation was increased following pre 
incubation with SB203580, its activity did not 
increase. This raises the possibility of inhibitory 
phosphorylation sites within ERK itself that 
regulate the coupling between ERK phosphorylation 
and ERK activity. 
 
CONCLUSIONS 
The p38 MAPK pathway attenuates the activation 
of the ERK pathway in response to mitogenic 
stimuli in adult ventricular myocytes. This effect 
may be exerted at one or more steps in the 
regulation of Ras/Raf/MEK activation. 
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